We have developed two microcantilever sensors, one modified with chitosan/gelatin hydrogels doped with CH 3 (OCH 2 CH 2 3 OTBDPS and another modified with chitosan-OTBDPS/gelatin hydrogels, for the sensitive and selective detection of fluoride ions (F − ) in aqueous solution. Upon exposure to F − , the microcantilevers underwent bending deflection due to the cleavage of Si O bond on reacting with F − in the hydrogel. The results show that the maximum bending deflections are proportional to the concentrations of F − , and the limits of detection are 10 −8 M and 10 −9 M for the two microcantilevers, respectively. Other ions, such as Cl − , Br − , NO 
INTRODUCTION
Fluoride ion is one of the most important anions because of its biologically important role in dental care and clinical treatment for osteoporosis. 1 In humans, the effect of inadequate fluoride intake is an increased risk of dental caries (tooth decay) for individuals of all ages. However, excessive fluoride intake can cause dental or even skeletal fluorosis, nephrotoxic changes in both humans and animals, and lead to urolithiasis. 2 Therefore, a great deal of attention has been devoted to the development of improved analytical methods for the detection of fluoride, especially in water. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] To date, the ion-selective electrode, ion chromatography, and standard Willard and Winter methods are generally used for quantitative analysis of fluoride. [17] [18] [19] Recent improvements focused on developing portable sensor devices that could detect F − in situ sensitively and rapidly.
Molecular recognition and specific chemical reactions are two major categories of sensors. Development of receptor-based sensors for the detection of fluoride ions is challenging due to the small size, high electronegativity, and high hydration enthalpy of fluoride ion. 20 Therefore, * Authors to whom correspondence should be addressed.
most chemosensors for recognition fluoride ion was carried out in organic solvents by using tetrabutylammonium fluoride (TBAF) salt as fluoride sources. [21] [22] [23] [24] [25] [26] [27] [28] Even though many fluoride chemosensors have been developed over the past decades, there are still difficulties in the detection of fluoride anions in polar or aqueous solution. 19 21-23 In some cases, selective recognition of fluoride is restricted due to the interference from oxygen-containing anions (e.g., AcO
− , H 2 PO − 4 ). To improve the performance of fluoride sensors in aqueous solution, another strategy was developed based on the fluoride-induced Si O bond cleavage of silyl ethers (eg., tert-butyldimethylsilyl (TBDMS) ethers and tert-butyldiphenylsilyl (TBDPS) ethers). 6 12 20 However, all these methods needed fluorescence labels with a relatively high cost. Further development in this field is label free sensors for F − . In recent years, microcantilevers have been emerging as outstanding novel platforms for the development of many novel physical, chemical and biological sensors with on-chip electronic circuitry and extreme sensitivity. [29] [30] [31] [32] [33] Selectivity of the microcantilever sensors has been achieved by modifying the microcantilevers with coatings or by covalently binding molecular recognition agents for identification of chemically specific species. The unique characteristic of microcantilevers is their ability to [34] [35] [36] and secondly, polymeric films, such as hydrogels, have attracted more attention recently because microcantilevers coated with thicker films generated larger bending on sorption analytes than those modified by monolayers. [37] [38] [39] [40] Hydrogels, which change volume in response to small changes in the environment, is an ideal coating candidate for microcantilevers. [41] [42] [43] Chitosan, a cationic polyelectrolyte, is one of the examples that can form hydrogels by complexation with anionic polyelectrolytes, such as gelatin. 44 45 In our previous work, we have developed a high sensitive and selective microcantilever sensor modified by chitosan/gelatin hydrogels doped with benzo-9-crown-3 for the detection of beryllium ions in aqueous solution. 46 Herein we report that microcantilever sensors immobilized with chitosan/gelatin hydrogels doped with CH 3 (OCH 2 CH 2 3 OTBDPS or chitosan-OTBDPS/gelatin hydrogels can be used to sensitively and selectively detect fluoride ions in aqueous solutions.
EXPERIMENTAL DETAILS

Solvent and Materials
In our experiments we used commercially available silicon microcantilevers with dimensions of 350 m in length, 35 m in width, and 1 m in thickness (Mikro Masch Co., Sunnyvale, CA). One side of the cantilever was covered with a thin film of chromium (20 nm) followed by a 20-nm layer of gold, both deposited by e-beam evaporation. The other side of the microcantilever was silicon with a thin naturally grown oxide layer.
The chemicals used in these experiments, including KF, KCl, KBr, KNO 3 , KH 2 PO 4 , KHSO 4 , KAcO, tri(hydroxymethyl)aminomethane, polytetrafluoroethene (PTFE), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and gelatin, were used as received from Sinopharm Chemical Reagent Beijing Co., Ltd. Chitosan (low molecular weight, M W ∼ 50,000 Da), and 1 H,1 H, 2 H,2 H-per fluorodecanethiol (PFDT) were purchased from Sigma-Aldrich, and CH 3 (OCH 2 CH 2 3 OTBDPS was synthesized according to a reported procedure. 47 
Preparation of Hydrogels-Coated
Microcantilevers To selectively attach the hydrogels on one surface of a microcantilever, PFDT was self-assembled onto the goldcoated surface to prevent the attachment of the hydrogel on this side. This is done by placing the cantilevers in a 5 × 10 −3 M PFDT ethanol solution for 24 h, and then rinsing with ethanol three times. 48 The microcantilevers were then placed on a PTFE slide, which was separated from the PTFE surface by a 15-m parafilm. 46 Chitosan (2% w/w) and gelatin (2% w/w) were mixed together (V /V = 1/1), then CH 3 (OCH 2 CH 2 3 OTBDPS (0.01 M) was added in, and 5 L of the mixture was dropped on the slide, the solution would fill the space between the microcantilever beam and the PTFE surface. Next, it was left at 4 C overnight for gelation. The resulting hydrogel film bound to the substrate was equilibrated in 0.01 M HEPES buffer solution (pH 7.4) for 1 h.
The chitosan-OTBDPS/gelatin hydrogels modified microcantilevers were prepared through the similar process. Chitosan-OTBDPS (2% w/w) and gelatin (2% w/w) were mixed together (V /V = 1/1), 5 L of the mixture was dropped on the slide. Then it was left at 4 C overnight for gelation. The resulting hydrogel film was also equilibrated in 0.01 M HEPES buffer solution (pH 7.4) for 1 h.
Deflection Measurement
The deflection experiments were performed in a flowthrough glass cell (Digital Instruments, CA) similar to those used in atomic force microscopy (AFM). A schematic diagram of the apparatus used in this study was previously reported. 35 For continuous flow-through experiments, the microcantilever was initially immersed in 0.01 M HEPES buffer solution (pH 7.4). The buffer solution flowed through the cell and the flow rate of the analyte solution is controlled using a syringe pump. A constant flow rate was maintained during each experiment. Experimental solutions containing different concentrations of fluoride ions were injected directly into the following fluid stream via a low-pressure injection port sample loop arrangement with a loop volume of 1.0 ml. This arrangement allowed for continuous exposure of the cantilever to the desired solution without disturbing the flow cell or changing the flow rate. Since the volume of the glass cell, including the tubing, was only 0.3 mL, a relatively fast replacement of the liquid in contact with the cantilever was achieved. Microcantilever deflection measurements were determined using the optical beam deflection method. The bending of the cantilever was measured by monitoring the position of a laser beam reflected from the cantilever onto a four-quadrant photodiode. The cantilever was immersed in the buffer solution until a stable baseline was obtained and the voltage of the position-sensitive detector was set as background corresponding to 0 nm. In our experiment, we define "bending up" as bending toward the gold side and "bending down" refers to bending toward the silicon side.
RESULTS AND DISCUSSION
A microcantilever that is coated with a 15-m-thick film of hydrogel was initially exposed to a constant flow (4 mL/h) of 0.01 M HEPES buffer solution, and the cantilever was equilibrated until a stable baseline was obtained (i.e., 0 nm deflection). When solutions containing various concentrations of F − were injected into the fluid cell, the microcantilever bent down toward the gel side (silicon side) with different deflection amplitudes as shown in Figure 1 . The amplitude of the microcantilever deflection increased as the increasing of concentration of F − ions. For each measurement, a 1.0 mL aliquot of F − solution in 0.01 M HEPES buffer (pH 7.4) solution was injected into the fluid cell. It took 30 min for the injected F − solution to flow through the fluid cell, and the microcantilevers gradually bent down toward the gel side as 10 −4 M F − solution was injected in and then the HEPES buffer solution was switched into the fluid cell, while the microcantilevers continue to bend down, and finally reach the maximum bending deflection amplitude (about 80 nm). Figure 1(b) shows that the maximum bending deflections are almost proportional to the log concentrations of F − (according to the To test the selectivity of this hydrogel coated cantilever sensor to F − , we exposed the microcantilever to a series of other ions solution, such as Cl − , Br − , NO 
, and AcO
− at the same concentration (10 −4 M). At this concentration, these ions cause few bending deflection of the cantilever (Fig. 3) . So it indicated that this microcantilever sensor can selectively detect F − in an aqueous solution. To further improve the sensitivity of detection of F − ions, we directly used the TBDPSCl compound to react with the hydroxyl groups of chitosan to prepare chitosan-OTBDPS, and modified the silicon surface of microcantilevers with the chitosan-OTBDPS/gelatin hydrogel film by the similar method. It was initially exposed to a constant flow (4 mL/h) of 0.01 M HEPES buffer solution (pH 7.4), and the cantilever was equilibrated until a stable baseline was obtained (i.e., 0 nm deflection). When solutions containing various concentrations of F − were injected into the fluid cell, we can get the similar results that the microcantilever bent down toward the gel side (silicon side) with different deflection amplitudes as shown in Figure 4 . And the bending deflection upon injection of 10 −4 M F − was about − 150 nm, which was larger than the method above, the limit of detection could be as low as 10 −9 M, which is lower than the first method. As shown in Figure 4 And we also did the control experiment, and the similar result was obtained as shown in Figure 5 . The observations also confirmed that the microcantilever bending deflection was also caused by the reaction of F − with chitosan-OTBDPS. Figure 6 depicted the selectivity of detection of F − ions, and it was shown that the microcantilevers coated with these hydrogels had no bending signal to other ions, such as Cl
, and AcO − at the same concentration (10 −4 M). This indicated that it exhibited high selectively to F − in aqueous solution. In order to compare the sensitivity of these two microcantilever sensors accurately, we determinated the silicon content of the two hydrogel films by Inductive Coupled Plasma Emission Spectrometer (ICP), the results were show in the Table I . It can be seen that the silicon content of the film of Chitosan-OTBDPS/gelatin hydrogels was lower than the film of chitosan/gelatin hydrogels doped with silyl ethers, the sensitivity of the former microcantilever sensor to detect F − ions in an aqueous solution was much higher. This may be due to that TBDPS groups Table I . The silicon content in two hydrogel films.
Silicon content (mM)
The film of chitosan/gelatin hydrogels 1.36 doped with silyl ethers The film of chitosan-OTBDPS/gelatin 0.62 hydrogels Figure 7 . Schematic representation of the hydrogel shirinking upon reaction with F − and the result bending of the microcantilever.
were directly linked on the backbone of chitosan, so upon the injection of F − , the Si O bond would be cleaved (Fig. 7) , the hydroxyl group of chitosan would be electro negative and form the ion pair with K + ions, and as a result, the osmotic pressure would decrease and lead to the shrink of hydrogels. On the other hand, the drop of big TBDPS groups would decrease the stereospecific blockade, and further shrinked the hydrogels. So the sensitivity of the microcantilevers modified with the film of Chitosan-OTBDPS/g-elatin hydrogels was higher.
It was known that the hydrogel-coated microcantilever would bend away from the gel side when the gel swelled, which was previously observed on microcantilevers modified by poly(methacrylic acid) 49 and polyacryamide. 50 However, in our last work, we observed that the microcantilever bent down toward the gel side (silicon side) when the gel swelled on exposure to Be 2+ , and we proposed that a possible cause of the downward deflections of the chitosan/gelatin hydrogel-coated microcantilevers was gravity. 46 And we postulated in this work, upon the injection of F − , the Si O bond of the tert-butyldiphenylsilyl ether would be cleaved and the hydroxyl group of chitosan would be electro negative and form the ion pair with K + ions, and as a result, the ionic strength would become stronger, and the osmotic pressure would decrease and lead to the shrink of hydrogels, and finally caused the bending downward deflection of microcantilevers. However, the observed bending deflection upon exposure to 10 −4 M F − was quite small, this may be due to that the change of the size of the hydrogels were not significant, and couldn't be seen under the microsope.
CONCLUSION
In summary, this study has shown that microcantilevers modified with chitosan/gelatin hydrogel containing CH 3 (OCH 2 CH 2 3 OTBDPS or chitosan-OTBDPS/gelatin hydrogels can selectively and sensitively detect F − in aqueous solution, and the lowest detection limit of the concentrations can be as low as 10 −8 M, which is much lower than which is much lower than the drinking water sanitary standard (1 M) and close to the reported fluorescent method. 51 However, it has its advantages, such as lablefree and small size, when compared to other methods. 52 53 The results demonstrate the hydrogen-modified microcantilevers as an excellent platform for detection of fluoride ions in aqueous solution. The cross-linked chitosan/gelatin hydrogel is a useful material for microcantilever sensors. By controlling the gel composition and curing conditions, the properties of the gel can be tuned for a desired application. 
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